ventilation with exercise were studied. In this paper we examine the parallel alterations in blood chemistry which take place in patients with various types of heart disease.
There are relatively few published reports of studies of the blood gases in relation to hyperventilation and dyspncea in cardiac patients, and these are mainly concerned with mitral valve disease. Im- pairment of lung function, a potential cause of disturbed blood gases, has been shown to occur in such patients by Frank et al. (1953) and Riley et al. (1956) amongst others, and has been discussed by many authors including Rossier, Buihlmann, and Wiesinger (1960) and Arnott (1963) .
In spite of this, Cullen et al. (1931) did not find any marked changes of pH and Pco2 in the arterial blood of exercising patients and concluded that the small changes observed were the result rather than the cause of hyperventilation. The same conclusion was reached by West et al. (1953) and Mauck and Shapiro (1961) , though the former investigators noted abnormal blood gases in a minority of their patients. Mauck, Shapiro, and Patterson (1964) , however, showed an increase of arterial Pco2 with exercise in 4 out of their 5 patients, sometimes significant in degree, and mentioned the possibility that this could be an additional stimulus to the respiratory centre. Arterial desaturation has also been observed in patients with mitral stenosis by Blount, McCord, and Anderson (1952) and Donald, Bishop, and Wade (1954) , and the rise of blood lactic acid during exercise is said to be greater in patients with heart disease than in normal people (Huckabee and Judson, 1958; Donald et al., 1961) .
More recently attention has turned to the venous side of the circulation (Armstrong et al., 1961; Riley, 1963) . Although experiments in animals Received March 12, 1965. 16 (Cropp and Comroe, 1961; Kao et al., 1963) SUBJECTS AND METHODS These studies were performed during mild supine exercise at cardiac catheterization, and also during more severe exercise on a bicycle ergometer up to levels where dyspnoea was present. The clinical material consisted of 40 subjects, 5 of whom were normal; the remainder have been divided into three groups. Group I consists of 9 patients with left ventricular disease, group II of 14 patients in whom mitral stenosis was the dominant or sole lesion, and group III of 12 patients with isolated pulmonary stenosis. Details are given in Table I .
All were exercised during cardiac catheterization apart from Cases 26 and 40 in whom only resting catheterization data are available, and Cases 27 and 28 where no catheterization was performed and the clinical diagnosis of mild mitral stenosis was confirmed at operation. In these 4 patients studies were performed during exercise on the bicycle ergometer. (1953) , Grade 3 being divided into 3-A and 3-B after Donald et al. (1954) . BSA, body surface area; MS, mitral stenosis; AS, aortic stenosis; MI, mitral incompetence; TI, tricuspid incompetence; AI, aortic incompetence; AF, atrial fibrillation; PS, pulmonary stenosis.
The techniques of cardiac catheterization and the hmmodynamic studies were similar to those described in a previous paper (Gazetopoulos et al., 1966) , exercise having been carried out in the supine position by means of a spring-loaded leg exerciser. Arterial blood samples were withdrawn at rest, in the third to fourth minute, and the eighth to tenth minute of exercise. They were analysed for pH, Pco2, bicarbonate, oxygen saturation, lactate, and pyruvate. Samples were also withdrawn simultaneously from the pulmonary artery and analysed for pH, Pco2, bicarbonate, and oxygen saturation. The pH and Pco2 were measured by the micro-Astrup method, the oxygen saturations spectrophotometrically, and the lactate and pyruvate by enzymatic methods. Details are given elsewhere These patients were thus stressed to their maximum working capacity. Ventilation, oxygen uptake, heart rate, and changes in arterial blood chemistry were measured as previously described (Davies, Gazetopoulos, and Oliver, 1965) , blood samples being again withdrawn in the third to fourth minute and eighth to tenth minute of each level. If exercise had to be stopped, a sample was obtained just before this point. It was impossible to measure ventilation in all subjects at the critical levels, but their reactions to the procedures were assessed as carefully as possible.
An untoward reaction occurred in only one patient who developed evidence of pulmonary cedema (Case 16). This responded well to the usual measures, and he has since had a successful mitral valvotomy. at rest and on effort in the subjects studied during mild supine exercise on the catheter table.
The changes with exercise in the ventilation and the main components of arterial blood chemistry are illustrated in Fig. 1 . The responses to exercise of cardiac output and mixed venous blood composition are illustrated in Fig. 2 . The first points in the figure represent the resting values, the second those in the third-to-fourth minute and the last those at about the tenth minute of exercise. In the first column of the figures the corresponding findings in the few normal subjects used for comparison are shown.
In Fig. 1 it is seen, as anticipated, that the ventilatory response to exercise is greater in the patients with cardiac lesions, particularly those with mitral disease. The systemic arterial oxygen saturation was lower than normal in some patients in all three groups. Only 3, however, showed an oxygen saturation below 90 per cent on effort, one of those (Case 16) being the patient who developed pulmonary oedema, another having mitral valve disease with additional lung disease (Case 23), the third (Case 33) being a patient with pulmonary stenosis and a small shunt through a patent foramen ovale.
The levels of the arterial Pco2 showed no marked differences between the groups, and certainly no tendency to rise in the group with the greatest increment in ventilation. patients in whom these were performed; both showed a restrictive ventilatory defect and evidence of gaseous maldistribution in the lung. The arterial pH also showed no apparent correlation with the ventilation, and patients with higher ventilation were usually the more alkalotic ones (Fig. 4) .
The arterial lactate is plotted in Fig. 5 against the excess ventilation. The patients with greatest deviation of ventilation from normal have higher lactates, but the relationship is not significant (p> 0-1). We noted, moreover, that in cases with a ventilation as much as 100 per cent above the normal for the exercise load, the lactate levels lay within the wide normal range. This will be discussed later.
Finally in Fig. 6 the relationship is shown between B. Upright Exercise. Table IV gives the changes seen in the patients studied on the bicycle ergometer. Figure 9 illustrates the 4 patients with mitral stenosis. Of these, 3 were unable to complete more than a few minutes of exercise at the second level owing to dyspncea. Accordingly no measurements of the ventilation at that stage could be made in them, though it was clear that considerable hyperventilation was present, certainly more than 40 I./min. The ventilation was also excessive at the first level in these 3 patients. In all the Pco2 was low, the pH high, and there was no abnormal rise in lactate nor fall in arterial saturation. (Gazetopoulos et al., 1966 Figure 10 shows our findings in patients with pulmonary stenosis studied on the bicycle ergometer. The lowermost part of this figure shows the ventilation, expressed as minute volume, and the heart rate, the limits of normality being those derived from published data ancfrom our own findings (Gazetopoulos et al., 1966) . Above that are illustrated the changes in arterial oxygen saturation, Pco2, pH, and lactate. All patients were exercised to their maximal working capacity, at which point they had to stop on account of dyspncea or fatigue. The ventilatory response was usually excessive at all points up to the highest level. Lactate production was somewhat excessive (see below). We noted a reduction in exercise tolerance in all these patients that seemed to be related to the severity ofthe stenosis and to their age. In all cases the pH and Pco2 'I'C (kg./min.) ( showed changes that could have been consequent upon hyperventilation, and the oxygen saturation did not change significantly.
DISCUSSION
The object of these studies was to observe whether there were any alterations in the blood chemistry that were uniformly associated with hyperventilation or dyspncea.
The results indicate that in all the groups of patients studied, the variations in blood chemistry were those that would be anticipated as a result of hyperventilation rather than as a cause of it.
In the patients with pulmonary venous hypertension, the Pco2 usually fell and the pH remained EXERCISE LOAD (Kpm/min) FIG. 10.-Ventilation, heart rate, and blood chemistry in patients with pulmonary stenosis exercised in upright position by graduated increase to maximum working capacity. The normal limits of heart rate and ventilation are shown . Excessive ventilatory response is usually seen and does not appear to be consequent on changes in blood chemistry. in the alkalotic-to-normal range, while the lactate, though sometimes higher than is usually seen in normal subjects, was not uniformly excessive when hyperventilation was present. This observation applies to both the arterial and venous sides of the circulation and supports the view that here the dominant stimulus to hyperventilation is the pulmonary congestion, and that the blood chemical changes reflect the effects of the overbreathing. It is true that some exceptions to this general pattern were seen and a few patients showed hypercapnia or arterial hypoxwmia or both, at rest and on exercise. These patients, however, usually had additional lung disease, and their ventilatory response was similar to those in the rest of the group who had equally high left atrial pressures (Fig. 6 ). This suggests that additional mild hypercapnia or hypoxemia has little or nothing to do with stimulating ventilation, when the left atrial pressure is raised. This is not surprising since the adaptation occurring in cases with chronic disturbances of blood chemistry is well recognized; the accommodation to chronic hypoxemia has been discussed in another study of cyanotic patients , where it was often found that there was a normal ventilatory response to exercise in spite of marked hypoxemia. The adaptation to chronic hypercapnia has also been known for many years (Scott, 1920; Donald and Christie, 1949; Fishman, Turino, and Bergofsky, 1957) . We note, however, that hypoxaemia and hypercapnia are seen only exceptionally and we believe that the finding of an increase in arterial Pco2 in a great proportion of the patients of Mauck et al. (1964) was due to early sampling (within the first minute of exercise). Such early increases in Pco2 we have observed both in normal subjects and in patients, representing the increased CO2 production by the exercising muscles during the period before the ventilation has reached its steady state.
The group of patients with pulmonary stenosis is of particular interest since the factor of pulmonary congestion is excluded. There is no doubt that hyperventilation does occur in such patients in response to exercise ( Fig. 1 and 10) . One factor distinguishing this group from the patients with pulmonary venous hypertension was that in the latter the exercise limitation was clearly ventilatory, the heart rates being relatively slow at this time (Table IV) . In contradistinction, the patients with pulmonary stenosis attained heart rates of about 180 a minute (Fig. 10) , representing the maximal effective heart rate; above that level the cardiac output would be unlikely to rise (Remington, 1950; Rushmer, 1959) , and the fact that they reached this rate at relatively low exercise loads almost certainly reflects impairment of cardiac output. The exercise limitation here was circulatory rather than ventilatory, and fatigue rather than dyspnoea stopped them exercising further. Hyperventilation was nevertheless present.
In all patients with pulmonary stenosis, the oxygen saturation, pH, and Pco2 of both the arterial and venous sides of the circulation do not show changes that would appear sufficient to stimulate ventilation.
We cannot, of course, exclude the operation of some mechanism leading to a lower threshold of response. This could also be present in the patients with pulmonary venous hypertension, but here the stimulus provided by the latter appears to be dominant in leading to the frequently observed over-correction of blood gases. A study of the threshold of the respiratory centre to changes in blood chemistry in low output states would be helpful in this connexion.
The lactate production was on the whole higher than in normal subjects at the same exercise levels, but it is clear (Fig. 10) that it was not sufficient to cause acidemia. We note, moreover, that hyperventilation was often present even at low levels of exercise while lactate concentrations were little raised.
Our results have, therefore, not provided any evidence that the recognized humoral stimuli account for the hyperventilation in patients with pulmonary stenosis on exercise. It is possible that the raised lactate levels may be associated with other manifestations of tissue hypoxia, which could in turn contribute to the non-humoral component of the ventilatory stimulus, for such an association was observed in a study of the effect of exercise in normal subjects .
The reduction of exercise tolerance, as judged by the rapid heart rates at relatively low exercise loads, indicates impairment of cardiac output as already mentioned. While we have not found a statistically significant relationship between cardiac output and ventilation during mild supine exercise (Gazetopoulos et al., 1966) .
supine and upright exercise, the lactate levels against the oxygen consumption (Fig. 11) , as representing the work load. Values taken from another study in normal subjects are also included. Patients with a ventilation above the normal range for the given oxygen uptake are shown by solid symbols. The Figure shows that the patients had higher lactate levels than the normal subjects and also that the hyperventilating subjects usually had higher lactate levels than the others. Since the increase of lactate could be secondary to hyperventilation via respiratory alkalosis (Huckabee and Judson, 1958) we have also plotted in Fig. 12 the lactate/pyruvate ratio, which is not affected by those events, and found that a similar relationship exists. As can be seen in Fig.  12 , the normal subjects maintain a relatively low lactate-pyruvate ratio below exercise levels corresponding to an oxygen uptake of 1-2 1./min., while in hyperventilating patients it is usually excessive. We have, therefore, plotted the lactate-pyruvate ratios in this range against the degree of hyperventilation in all patients of the three groups (Fig. 13) . Although there is some superimposition, the patients with pulmonary stenosis (shown by solid symbols) have, as a rule, higher ratios than patients with pulmonary venous congestion at comparable degrees of hyperventilation. These findings suggest that at low exercise loads tissue hypoxia is more significant in patients with pulmonary stenosis than it is in normal subjects who show little evidence of anaerobic metabolism, and it is likely that this influences ventilation.
SUMMARY
Simultaneous studies of the effects of exercise on the heemodynamics, ventilation, and arterial and venous blood chemistry have been carried out in normal subjects and in three groups of patients with heart disease.
Changes in arterial blood gases and pH were usually those that would be expected as a result of hyperventilation, and no evidence has been obtained to suggest that the venous chemistry was responsible for excessive ventilatory response.
The findings in patients with pulmonary venous hypertension support the previously-expressed view that this provides a dominant stimulus to the ventilation. In the few cases where as a result of lung disease either chronic hypercapnia or hypoxaemia or both were present, the ventilatory response was not unusual.
Hyperventilation in patients with pulmonary stenosis has been confirmed, and does not seem to be due to changes in arterial and venous blood gases. The lactate production is greater than in normal subjects at the same exercise loads, and the possible influence of inadequate tissue perfusion on the ventilation is discussed. Fig. 11 . The pattern seen is similar to that shown in Fig. 11 
